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(54) Devices and methods for detecting nucleic acid analytes in samples 



(57) The invention provides devices and methods 
for use in detecting nucleic acid analytes in samples. 
The devices each include a solid support to which is 



bound a two-dimensional distribution or field of nucleic 
acid probes that each bind to a nucleic acid analyte, 
which is detected by use of amplification methods. 
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Description 

Background of the Invention 

The invention relates to devices and methods for 
detecting nucleic acid analytes in samples. 

The detection of analytes present in trace amounts 
in samples for use in, e.g., medical diagnostics; requires 
sensitive and specific methods. Detection of such ana- 
lytes can be hindered by the presence of substances 
present in higher concentrations in the samples. This 
problem is compounded if the analytes do not have 
physical or chemical properties that render them easy 
to detect. 

Summary of the Invention 

The invention provides assay devices that include 
two-dimensional distributions or fields of probes bound 
to a surface of a solid support. The devices of the inven- 
tion can be used in methods for detecting analyte nu- 
cleic acids in samples. In these methods, samples are 
applied to the surface of the solid support containing the 
field of probes, and analytes in the sample that bind to 
the probes are detected by an amplification method. 

Accordingly, in one aspect the invention features an 
assay device for detecting the presence of a nucleic acid 
analyte in a sample. The device of the invention includes 
a solid support (e.g., a non-particulate solid support 
such as a glass plate), to which is bound, e.g., covalent- 
ly, a two-dimensional field of analyte-specific nucleic ac- 
id probes, each of which includes (1 ) a first end bound, 
e.g., covalently, to the support and including a 5' portion 
of an autocatalyticaily repiicable nucleic acid (e.g., a nu- 
cleic acid, such as a midivariant nucleic acid, that is rep- 
iicable by Q-beta replicase), and (2) a second end in- 
cluding an analyte-binding segment. 

The invention also includes a method for detecting 
the presence of a nucleic acid analyte in a sample. In 
this method, the sample is first applied to a solid support, 
to which is bound, e.g., covalently, a two-dimensional 
field of first analyte-specific nucleic acid probes, each 
of which has (i) a first end bound to the support and in- 
cluding a 5' portion of an autocatalyticaily repiicable nu- 
cleic acid (e.g., a nucleic acid, such as a midivariant nu- 
cleic acid, that is repiicable by Q-beta replicase), and (ii) 
a second end including a first analyte-binding segment. 
The first analyte-binding segment of each of the first 
probes used in this method hybridizes to a first region 
of the analyte. A second nucleic acid probe that (i) has 
a second analyte-binding segment that hybridizes to a 
second region of the analyte, and (ii) includes a remain- 
der of the autocatalyticaily repiicable nucleic acid, is 
then applied to the solid support. The first and second 
regions of the analyte are adjacent nucleotide seg- 
ments, and the analyte, the first probe, and the second 
probe hybridize together on the support to form a com- 
plex that includes a complete autocatalyticaily repiicable 



nucleic acid. Alternatively, the sample can be contacted 
with the second probe prior to being applied to the solid 
support. 

A diffusion limiting (e.g., convection limiting) matrix 
5 (made of, e.g., gelatin, agarose, polyacrylamide, poly- 
ethylene glycol, or a combination thereof) is then applied 
to the solid support, and the complete autocatalyticaily 
repiicable nucleic acid is amplified to generate an am- 
plified product, which is detected as a measure of the 
io presence of the analyte in the sample. The diffusion lim- 
iting matrix can additionally contain a reagent such as 
a cationic polymer to control the rate of autocatalytic rep- 
lication. Optionally, this method can also include a step 
of ligating the first and second probes in the complex 
is together to form the complete autocatalyticaily repiica- 
ble nucleic acid. In addition, the method can include a 
washing step, in which any unbound first or second 
probes are removed from the complex. Also, the sample 
can be applied to the support in this method prior to be- 
20 jng contacted with the second probe, or the sample can 
be contacted with the second probe prior to being ap- 
plied to the support. 

The amplification step in this method can be carried 
out in the presence of a fluorescent intercalating dye, so 
25 that the detection step can be carried out by monitoring 
amplified products for the presence of the dye. The de- 
tection step can also be carried out by employing a fluor- 
quencher pair. This detection method can be used in 
variations of this method, in which multiple analytes are 
30 simultaneously detected in the sample by the use of 
multiple fluor-quencher pairs that include distinguisha- 
ble fluorescent moieties. 

This method can also include a step in which the 
concentration of the analyte in the sample is deter- 
35 mined. For example, as is described further below, the 
concentration of the analyte in the sample can be deter- 
mined by counting colonies of amplified product fon i ied 
on the solid support. 

The invention also includes an assay system for de- 
40 tecting a nucleic acid analyte in a sample. This assay 
system includes a solid support (e.g., a non-particulate 
solid support), to which is bound, e.g., covalently, a two- 
dimensional field of first analyte-specific nucleic acid 
probes, each of which includes (i) a first end bound, e. 
45 g. t covalently, to the support and including a 5' portion 
of an autocatalyticaily repiicable nucleic acid, and (ii) a 
second end including a first analyte-binding segment. 
The first analyte-binding segment of each of the first 
probes in this system hybridizes to a first region of the 
50 analyte. The system further includes a second nucleic 
acid probe, which includes (i) a second analyte-binding 
segment that hybridizes to a second region of the ana- 
lyte, and (ii) a remainder of the autocatalyticaily repiica- 
ble nucleic acid. The first and second regions of the an- 
55 alyte detected using this system include adjacent nucle- 
otide segments, and binding of the first and second 
probes to the analyte permits amplification of the auto- 
catalyticaily repiicable nucleic acid. 
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Another assay system for detecting a nucleic acid 
analyte in a sample that is included in the invention in- 
cludes a solid support (e.g., a non-particulate solid sup- 
port), to which is bound a two-dimensional field of cap- 
ture probes that each include a capture segment that 
hybridizes to a capture region of the analyte. Also in- 
cluded in this assay system is (i) a first nucleic acid 
probe having a first segment that hybridizes to a first 
region of the analyte, (ii) a second nucleic acid probe 
having a second segment that hybridizes to a second 
region of the analyte, and (iii) a diffusion limiting (e.g., 
convection limiting) matrix for application to the solid 
support. In this system, binding of the capture probes 
and the first and second probes to the analyte permits 
amplification of a detectable product within the diffusion 
limiting matrix, 

This assay system can be used in a method for de- 
tecting the presence of a nucleic acid analyte in a sam- 
ple. In this method, the sample is contacted with the 
bound capture probes and the first and second probes 
described above., the capture and first regions of the an- 
alyte are adjacent nucleotide segments, the capture and 
second regions of the analyte are adjacent nucleotide 
segments, the first nucleic acid probe further includes a 
portion of an autocatalyticaliy replicable nucleic acid 
molecule, the second nucleic acid probe further includes 
a remaining portion of the autocatalyticaliy replicable 
nucleic acid molecule, and the contacting permits the 
analyte, the first probe, and the second probe to hybrid- 
ize together on the support to form a complex including 
a complete autocatalyticaliy replicable nucleic acid. A 
diffusion limiting matrix is then applied to the solid sup- 
port, and the complete autocatalyticaliy replicable nu- 
cleic acid is amplified to generate an amplified product, 
which can be detected as a measure of the presence of 
the analyte in the sample. 

In a variation of the assay system described above, 
the first and second regions of the analyte can be adja- 
cent nucleotide segments, the first nucleic acid probe 
can further include a portion of an autocatalyticaliy rep- 
licable nucleic acid molecule, and the second nucleic 
acid probe can further include a remaining portion of the 
autocatalyticaliy replicable nucleic acid molecule. 

This variation can also be used in a method for de- 
tecting the presence of a nucleic acid analyte in a sam- 
ple. In this method, the sample is contacted with the 
bound capture probes and the first and second probes 
described above, the first and second regions of the an- 
alyte are adjacent nucleotide segments, the first nucleic 
acid probe further includes a portion of an autocatalyti- 
caliy replicable nucleic acid molecule, the second nu- 
cleic acid probe further includes a remaining portion of 
the autocatalyticaliy replicable nucleic acid molecule, 
and the contacting permits the analyte, the first probe, 
and the second probe to hybridize together on the sup- 
port to form a complex including a complete autocata- 
lyticaliy replicable nucleic acid. A diffusion limiting matrix 
is then applied to the solid support, amplification of the 



complete autocatalyticaliy replicable nucleic acid is car- 
ried out to generate an amplified product, and the am- 
plified product is detected as a measure of the presence 
of the analyte in the sample. 

5 in an alternative assay system, the capture and first 
regions of the analyte are adjacent nucleotide seg- 
ments, the capture and second regions of the analyte 
are adjacent nucleotide segments ; the first nucleic acid 
probe further contains a portion of an autocatalyticaliy 

io replicable nucleic acid molecule, and the second nucleic 
acid probe further includes a remaining portion of the 
autocatalyticaliy replicable nucleic acid molecule. 

The invention includes an additional method for de- 
tecting the presence of a nucleic acid analyte in a sam- 

15 pie. In this method, the sample is contacted with a solid 
support to which is bound, e.g., covalently, a two-dimen- 
sional field of first analyte-specific nucleic acid probes, 
each of which has (i) a first end bound, e.g., covalently, 
to the support and (ii) a second end including a first an- 

20 alyte-binding segment. A diffusion limiting matrix is ap- 
plied to the support, and amplification is carried out us- 
ing the polymerase chain reaction, ligase chain reaction, 
transcription-mediated amplification, nucleic acid se- 
quence-based amplification, or strand displacement 

25 amplification, in a manner dependent upon the pres- 
ence of both the first probe and the specified analyte 
nucleic acid, and in such a manner that the products of 
such amplification reaction are restrained to form local- 
ized foci within the diffusion limiting matrix on the solid 

30 support. The amplified product is then detected as a 
measure of the presence of the analyte in the sample. 

Amplification methods that can be used in the in- 
vention include known methods, for example, (i) target 
amplification, e.g., the polymerase chain reaction 

35 ("PCR": Saiki et at., Science, 230; 1 350-1 354, 1 985), a 
transcription-based amplification system ("TAS"; Kwoh 
era/., Proc. Natl. Acad. Sci. USA, 86:1173-1177, 1989), 
the self-sustained sequence reaction ("3SR"; Guatelli et 
ai, Proc. Natl. Acad. Sci. USA, 87:1874-1878, 1990), 

40 transcription-mediated amplification ("TMA"; U.S. Pat- 
ent No. 5,399,491; WO 93/22461), nucleic acid se- 
quence-based amplification ("NASBA"; Compton, Na- 
ture, (London) 350:91-92, 1991), strand displacement 
amplification ("SDA"; Walker et ai, Nucleic Acids Re- 
is search, 20:1691-1696, 1992); and (ii) probe amplifica- 
tion, e.g., Q-beta replicase ("QBR"; Lizardi et at., Bio/ 
Technology, 6:1197-1202, 1988), ligase amplification 
reaction ("LAR"; Wu etal., Genomics, 4:560-569, 1989), 
and ligase chain reaction ("LCR"; Barany, Proc. Natl. 

so Acad. Sci. USA, 88:189-193, 1991). These and other 
amplification methods that can be used in the invention 
are reviewed by Pershing et ai. ((eds.) Diagnostic Mo- 
lecular Microbiology, Principles and Applications, Amer- 
ican Society for Microbiology, Washington, 1993). In 

55 principle, any amplification system can be used in the 
invention. 

A pair of nucleic acid molecules (or two regions 
within a single nucleic acid molecule) are said to "hy- 
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bridize" to each other if they form a duplex by base pair- 
ing interactions between them. As is known in the art, 
hybridization between nucleic acid pairs does not re- 
quire complete complementarity between the hybridiz- 
ing regions, but only that there is a sufficient level of 
base pairing to maintain the duplex under the hybridiza- 
tion conditions used. 

The members of a pair of molecules {e.g., a pair of 
nucleic acids) are said to "specifically bind" to each other 
if they bind to each other with greater affinity than tooth- 
er, non-specific molecules. For example, a nucleic acid 
probe can be described as specifically binding to an an- 
alyte nucleic acid if it hybridizes to form a specific duplex 
with the analyte by base pairing interactions. 

Alternative methods of specifically binding nucleic 
acid molecules are known in the art and can be used in 
the invention. For example, nucleic acid analogs (i.e., 
non-natural variations of nucleic acids, see , e.g., Cohen, 
(ed.), Oligodeoxy nucleotides: Antisense Inhibitors of 
Gene Expression, CRC Press Inc., Florida, USA, 1989; 
Uhlmann ei ai., Chem. Rev., 90:543-584, 1990) and 
non -nucleic acid-based polymers, such as peptide nu- 
cleic acids ("PNA"; Nielsen et ai, Science, 254: 
1479-1500, 1991; Egholm et ai, J. Am. Chem. Soc, 
114:1895-1897, 1992; Egholm etal., J. Am. Chem. Soc, 
1 14:9677-9678, 1992) can be used. An additional bind- 
ing method that can be used to specifically bind nucleic 
acids to the two-dimensional field of the invention is tri- 
ple helix formation (Felsenfeld era/., Biochim. Biophys. 
Acta., 26:457-468, 1957; Thuong et ai., Angewandte 
Chemie, 32:666-690, 1993; Chubb et ai, Trends Bio- 
tech. 10:132-136, 1992; Moffat, Science, 252: 
1374-1375, 1991). 

Autocatalytically replicable nucleic acids that can 
be used in the invention comprise nucleic acids that are 
replicable by QBR, for example, midivariant RNAs, e.g., 
midivariant-1 (MDV-1), and variants of MDV-1, includ- 
ing, without limitation, minivariant RNA, microvariant 
RNA, nanovariant RNA, and variants thereof. These 
molecules are typically modified to include sequences 
of analyte-specific nucleic acids. In embodiments of the 
invention in which amplifica +i on methods other than 
QBR are employed, the signal-generating nucleic acids 
simply need to be replicable by amplification systems 
that are well known in the art {e.g., see above). 

A probe can be bound to a solid support directly, e. 
g., via covalent bonds, or indirectly via a spacer, e.g., a 
polyadenosine or other nucleic acid sequence, a protein 
ligand such as streptavidin, a protein, an organic poly- 
mer (see below), or other appropriate reagent. For in- 
stance, the probe can be covalently bound to the solid 
support with bovine serum albumin {e.g... through a mol- 
ecule of bovine serum albumin). The analyte-specific 
RNA probes used in the present invention can be syn- 
thesized in the presence of guanosine 5'-monophos- 
phate (GMP) in greater than, e.g., 20 times, the amount 
of guanosine 5'-triphosphate (GTP) normally present in 
RNA synthesis reactions. The GMP, which is incorpo- 



rated at the 5' terminus of the RNA probe, can be chem- 
ically modified at its S'-monophosphate and serve as an 
active site for chemical coupling of the probe to a solid 
support. Unless otherwise indicated, "GMP" as used 
5 herein refers to both unmodified and chemically modi- 
fied GMP. An RNA polymerase such as T7 polymerase 
can be used to contact a nucleic acid template to gen- 
erate a desired RNA fragment, and if desired, the con- 
tacting step is performed in the presence of 5' modified 

*0 GMP (e.g., the 5'-monophospate of the GMP is linked 
to a chemically active functional group). 

Solid supports that can be used in the invention in- 
clude glass, paper, gels, films, membranes, e.g., a ni- 
trocellulose membrane, or plastics. In general, any solid 

15 planar surface can be used, as long as nucleic acids can 
be bound to the surface. 

The invention provides several advantages. For ex- 
ample, the diffusion path of an analyte that is required 
for it to be detected using the devices of the invention 

20 is "straight down." That is, the analyte can contact the 
solid support and form a "productive" complex (see , e. 
g., Fig. 1 A) at any place on the surface of the solid sup- 
port; lateral diffusion is not required. In contrast, other 
array-type assays known in the art employ discrete loci 

25 (e.g., spots, squares, etc.) for detecting different ana- 
lytes on a single device. For example, in the oligonucle- 
otide arrays disclosed in U.S. Patent Nos. 5,445,934, 
5,510,270, 5,556,752, 5,143,854, and 5.412,087, up to 
16,000 spots, each containing a different probe se- 

30 quence, are affixed to a surface of a solid support in a 
specific pattern. The analyte nucleic acid-containing 
sample is applied to the surface of such an array, and 
during hybridization, the analyte molecule must diffuse 
down to the surface of the array, as in the present in- 

35 vention, but also it must diffuse laterally, to find its cog- 
nate spot of probe molecule. This requirement of lateral 
diffusion limits both the sensitivity and the kinetics of the 
hybridization reaction. 

Unless otherwise defined, all technical and scientif- 
ic ic terms used herein have the same meaning as com- 
monly understood by those of ordinary skill in the art to 
which this invention belongs. Although methods and 
materials similar or equivalent to those described herein 
can be used in the practice or testing of the invention, 

45 some preferred methods and materials are described 
below. All publications, patent applications, patents, and 
other references mentioned herein are incorporated by 
reference in their entirety. In case of a conflict, the 
present specification will control. In addition, the de- 

50 scribed materials and methods are illustrative only and 
are not intended to be limiting. 

Other features and advantages of the invention will 
be apparent from the following detailed description and 
the claims. 

55 

Brief Description of the Drawings 

Figs. 1 A and 1 B are schematic representations of 
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assay formats included in the invention. 

Figs. 2A and 2B are schematic representations of 
a device of the invention and its use in methods for de- 
tecting nucleic acid analytes. 

Fig. 3 is a schematic representation of a QBR liga- 
tion-based binary probe assay. 

Figs. 4A-4F are schematic representations of meth- 
ods employing devices of the invention, in which the 
probe bound to the solid surface includes a portion of 
an autocatalytically replicable nucleic acid. 

Figs. 5A and 5B are schematic representations of 
two different methods of using a fluor-quencher pair, a 
g., a fluorescence energy transfer pair, to detect an am- 
plified nucleic acid product. 

Fig. 6 is a schematic representation of a flow chart 
of the use of a fluor-quencher pair, e.g., a fluorescence 
energy transfer pair, to detect an amplified nucleic acid 
product formed by use of a device and method of the 
invention. 

Figs. 7A-7G are schematic representations of vari- 
ations in binary probe design that are within the scope 
of the invention. 

Fig. 8 is a schematic representation of 3' and 5'-haif 
probes that can be used in detecting the major BCR/ 
ABL junction found in CML patients. 

Figs. 9A and 9B are schematic representations of 
methods of the invention that employ PGR amplification. 

Detailed Description 

The invention provides devices and methods for 
sensitive and quantitative detection of nucleic acid an- 
alytes in samples. A central feature of the devices of the 
invention is that they each include a solid support to 
which is bound a two-dimensional, random distribution 
or field of nucleic acid probes that each bind to a nucleic 
acid analyte. Once a nucleic acid analyte is bound to a 
probe of the device, analyte-specific amplification is car- 
ried out in a diffusion limiting matrix (e.g., one that is 
made of agarose, gelatin, or polyethylene glycol) to gen- 
erate amplification products that are centered around 
each of the original nucleic acid probes. Thus, each an- 
alyte-probe complex will form a detectable circular col- 
ony or "spot" on the solid support, and the colony is de- 
tected as a measure of the presence of the nucleic acid 
analyte in the sample. 

The devices and methods of the invention can em- 
body a number of different formats. For example, as il- 
lustrated in Fig. 1 A, the probe 1 0 bound to the solid sup- 
port 12 of the device can include a first end 14 that is 
bound to the solid support 12 and includes a portion of 
an autocatalytically replicable nucleic acid 15, and a 
second end 16 that includes a first analyte-binding seg- 
ment, which hybridizes to a first region 18 of a nucleic 
acid analyte 20. This device can be used in methods in 
which it is contacted with (1 ) a sample containing a nu- 
cleic acid analyte 20, and (2) a second nucleic acid 
probe 22 that contains a second analyte-binding seg- 
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ment 24, which hybridizes to a second region 26 of the 
nucleic acid analyte 20, and a remainder 28 of the au- 
tocatalytically replicable nucleic acid. 

In this format, the first 18 and second 26 regions of 
5 the analyte 20 can be adjacent nucleotide segments, so 
that when the analyte 20, first probe 10, and second 
; . 22 hybridize together on the support 1 2 to form a 
complex 30, a complete template for autocatalytic rep- 
lication, consisting of the first 1 0 and second 22 probes, 

to is formed. 

Alternatively, as illustrated in Fig. IB, the first 18 and 
second 26 regions of :he analyte 20 can be separated 
by a third analyte rec.on 32, to which a third probe 34 
binds. In this case, tho first 18 and second 26 regions 

is of the analyte flank, and are adjacent to, the third region 
32, so that when the analyte 20, first probe 10, second 
p. ;e 22, and third probe 34 hybridize together on the 
support 12 to form a complex 30, a complete template 
for autocatalytic replication, consisting of the first 10, 

20 second 22, and third 34 probes, is formed. 

In the two examples described above, the probes 
forming the template for autocatalytic replication can, if 
desired, be ligated together using conventional meth- 
ods, such as, e.g., enzymatic methods (for example, by 

25 employing T4 DNA ligase (European Patent Applica- 
tions EP 94/906626.0 and EP 94/906682.3), an RNA 
ligase, or a ribozyme ligase), chemical methods (see , e. 
g., Herrlein et al., Nucleic Acids Research, 22: 
5076-5078; Dolinnaya et a/., Nucleic Acids Research, 

30 16:3721, 1988; Dolinnaya et al., Nucleic Acids Re- 
search, 19:3067-3072, 1991; Dolinnaya et al., Nucleic 
Acids Research, 21 :5403-5407, 1993) and photochem- 
ical methods (see, e.g., U.S. Patent No. 5,219,734). In 
addition, the order in which the samples and probes are 

35 contacted with the solid support can be varied. 

In another example of a device included in the in- 
vention, as illustrated in Fig. 7F, the first probe 36, which 
is bound to the solid support 12 of the device, includes 
a first end 38 that is bound to the solid support 12 and 

40 a second end 40 that includes a first analyte-b : nding 
segment, which hybridizes to a first region 42 of a nu- 
cleic acid analyte 20. This device can be used in meth- 
ods in which the solid support 12 is contacted with (1) a 
sample containing an analyte 20, (2) a second nucleic 

45 acid probe 44 that contains a second analyte-binding 
segment 46 that hybridizes to a second region 48 of the 
analyte 20, and a portion 50 of an autocatalytically rep- 
licable nucleic acid, and (3) a third nucleic acid probe 
52 that contains a third analyte-binding segment 54, 

50 which hybridizes to a third region 56 of the analyte 20, 
and a remainder 58 of the autocatalytically replicable 
nucleic acid. 

in this format, the second 48 and third 56 regions 
of the analyte 20 can be adjacent nucleotide segments, 
55 so that when the analyte 20, second probe 44, and third 
probe 52 hybridize together on the support 1 2 to form a 
complex 60, a complete template for autocatalytic rep- 
lication is formed between the second 44 and third 52 
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probes. In this case, the first probe 36 bound to the solid 
support 1 2 serves only as a capture probe, binding the 
complex 60 formed between the nucleic acid analyte 20 
and the second 44 and third 52 probes to the solid sup- 
port 12. Also, the second 44 and third 52 probes can, if 
desired, be ligated together when bound to the analyte 
20. Further, the order of addition of the probes and sam- 
ple to the solid support 12 can be varied. 

Alternatively, as illustrated in Fig. 7G, the second 
48 and third 56 regions of the analyte 20 can each flank, 
and be adjacent nucleotide segments with, the first re- 
gion < + 2 of the analyte 20. When the analyte 20, first 
probe 36 (e.g., including a nucleic acid and a linker), 
second probe 44, and third probe 52 hybridize together 
on the support 1 2 to form a complex 62, a complete tem- 
plate for autocatalytic replication, consisting of the first 
36, second 44, and third 52 probes, is formed. 

In another example of a device included in the in- 
vention, as illustrated in Fig. 9A, the first probe 64, which 
is bound to the solid support 12 of the device, includes 
a first end 66 that is bound to the solid support 12 and 
a second end 68 that includes a first analyte-binding 
segment, which hybridizes to a first region 70 of a nu- 
cleic acid analyte 20. This device can be used in meth- 
ods in which the solid support 1 2 is contacted with (1 ) a 
sample containing an analyte 20, and (2) a second nu- 
cleic acid probe 72 that contains a second analyte-bind- 
ing segment 74, which hybridizes to a second region 76 
of the analyte 20. 

In this format, the first 70 and second 76 regions of 
the analyte 20 are adjacent nucleotide segments, so 
that when the first probe 64, the analyte 20, and the sec- 
ond probe 72 hybridize together on the support 12 to 
form a complex 78, the first 64 and second 72 probes, 
are brought together by binding to the analyte nucleic 
acid 20, so that they can be ligated together. A high strin- 
gency wash is then carried out to remove unligated sec- 
ond probe 72 and analyte nucleic acid 20. The ligated 
product is then amplified by standard PCR. For exam- 
ple, if the first probe 64 is bound to the solid support by 
its 5' end, then a first primer 82 is used to copy the ligated 
product to make a first product, which is complementary 
to the ligated product. A second primer 80 then anneals 
to the first product and copies it, making a second prod- 
uct strand that is identical to the ligated product in the 
region between and including iht t wo primers. PCR then 
operates on these first and second products to make a 
large number of first and second product strands, which 
are localized to the vicinity of the original ligated probe 
product by the diffusion limiting matrix. This spot can be 
detected by any of the means discussed above for the 
detection of QBR products, e.g., by detection of incor- 
porated radioactivity fluorescence, etc. 

In a variation of this method, in which a ligation step 
is not required, the solid support 1 2 is contacted with the 
sample, but not the second probe (Fig. 9B), Complexes 
formed by specific hybridization between the first probe 
64, which is bound to the solid support 12 via its 5' end, 



and the analyte nucleic acid 20 are washed, and the 3' 
end of the first probe 64 bound to the support 12 is ex- 
tended, using the analyte nucleic acid 20 as a template. 
After a high stringency wash, the extended product is 
s amplified by any of the standard target or probe ampli- 
fication techniques listed in the introduction {e.g., PCR) 
to produce a detectable signal corresponding to the 
presence and location of the ligated product on the field 
of the device. For example, if PCR is used and the first 

io probe 64 is attached to the support 12 by its 5' end, a 
first primer 80, identical to a portion of the first probe 64, 
and a second primer 82, complementary to a portion of 
the extended region 84 of the first probe 64, can be used 
to generate a detectable, amplified product. 

15 The invention is described in further detail below 
with re ence to the first example described above. 

As discussed above, and illustrated in Figs. 2Aand 
2B, the device of the invention is a field of analyte-spe- 
cific probes 86 coated on the surface of a solid support 

20 12, such as a microscope slide. Preferably, the probes 
86 are uniformly coated on the solid support 1 2, but they 
can be limited to specific locations, if desired. Analyte 
nucleic acid molecules 20 contained within, e.g., a clin- 
ical specimen 88, are applied to the solid support 12, 

25 where they diffuse to the surface of the solid support 1 2 
and are captured by [i.e., hybridize to) the specific 
probes on the field 86. The analytes 20 are then simply 
detected or quantitated using an appropriate replication 
system, e.g., the QBR amplification system. 

30 in this detection step, a second, analyte-specific 
probe 90 is hybridized to each analyte molecule 20 im- 
mediately adjacent to the hybridization site 92 of each 
one 94 of the probes 86 that is bound to the solid support 
12. These two probes 90 and 94 can then be joined to- 

35 gether to form a nucleic acid molecule that can be rep- 
licated or amplified by an enzyme, such as QBR. QBR 
amplification can then be used to form a spot of highly 
concentrated RNA product 96 in the immediate vicinity 
of the immobilized analyte molecule 20, which can eas- 

40 iiy be detected, e.g., with a fluorescence microscope, 
with a CCD camera, by visual inspection, or other 
means, depending upon the label used for detection. 
The number of such "spots" 96 on the solid support 12 
corresponds generally to the number of analyte mole- 

45 cules 20 that originally bound the solid support 12. 

As is discussed above, this and other embodiments 
of the invention employ autocatalytically replicable nu- 
cleic acid molecules, such as midivariant and related 
RNAs that are modified to include a sequence of ana- 

50 lyte-specific nucleic acid, that can be amplified by en- 
zymes, such as QBR. The use of such nucleic acid mol- 
ecules and QBR in the invention is illustrated in Fig. 3, 
and is described further as follows. 

Autocatalytically replicable nucleic acids are em- 

55 ployed in binary probe assays in the invention. Accord- 
ingly, for use in the invention, they are split into two "half 
molecules" 98 and 100, neither of which can alone be 
replicated appreciably by QBR. Each half molecule con- 
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tains two functional elements: a partial MDV sequence 
102 (and 104) and a probe sequence 106 (and 108), 
which is complementary to, and thus capable of specific 
hybridization with, a target sequence 110 (and 112) in a 
nucleic acid analyte 20. The probe sequences 106 and 
108 of the two half molecules 98 and 100 are chosen so 
that th ey hybridize to adjacent nucleotide segments 1 1 0 
and 112 in the analyte 20. The two half molecules are 
individually referred to below as a 3' -half probe 98 and 
a 5* -half probe 1 00, based on the polarity of the nucleic 
acids of which they are made. 

The designation "half molecule" or "half probe" is 
not intended to mean that such probes have to contain 
exactly "half" of a complete, autocatalytically replicable 
molecule. For example, for MDV the point of probe in- 
sertions can be about 1 / 3 of the way from the 5' end and 
about 2 / 3 from the 3' end. Other insertion points are 
known in the art (see , e.g., Burg ei ai, Anal Biochem., 
230:263-272, 1 995). Replicable modifications of nucleic 
acids containing these modifications are also within the 
scope of the invention. Also, both half probes can con- 
sist of DNA or RNA. Alternatively, one half probe can 
consist of DNA and the other of RNA. Each half probe 
can also contain a combination of deoxyribonucleotides 
and ribonucleotides, or modifications thereof. 

If the analyte nucleic acid 20 is present in the sam- 
ple being assayed, both half molecules 98 and 100 hy- 
bridize in the configuration shown in Fig. 3. Half mole- 
cules bound in this manner can, optionally, be covalently 
joined together by a ligation step, which creates a com- 
plete detection probe 1 1 4 that is replicable by QBR, and 
thus is capable of generating an assay signal. However, 
amplification can be carried out even if the two half 
probes are not ligated together. Unligated half probes 
that are held in close proximity to one another and in 
approximately correct topology by the target nucleic ac- 
id (as shown in Fig. 4C) can be amplified by QBR. How- 
ever, ligated half probes can be amplified with signifi- 
cantly greater sensitivity (10 to 10 6 -fold, depending up- 
on the hybridization and washing conditions used). 

Another significant advantage of employing a liga- 
tion step is that, following ligation, the ligated probe mol- 
ecules are covalently linked to the solid support so that 
extremely high stringency wash conditions (such as 
would disrupt signal-generating complexes, e.g., as 
shown in Fig. 4C, where the 3'-half probes are not cov- 
alently attached to the solid support) can be used. Nev- 
ertheless, for applications requiring lower sensitivity the 
elimination of one assay step, e.g., the ligation step, can 
be useful. 

As is mentioned above, ligation of the half mole- 
cules can be effected using any of a variety of well 
known methods including, e.g., enzymatic methods (for 
example, by employing T4 DNA ligase, an RNA ligase, 
or a ribozyme ligase), chemical methods, and photo- 
chemical methods. 

As is discussed above, and illustrated further in 
Figs. 4A-4F, a central feature of. the invention is that a 



probe, which can contain a half molecule 100 of a QBR 
detector probe, is uniformly dispersed and specifically 
attached to the surface of a solid support 12, such as a 
microscope slide or a similar surface, or to a portion 
s thereof. Preferably, the 5'-haif probe 100 is attached to 
the support 12 through its 5' end (Fig. 4A). The linkage 
can, optionally, include additional nucleotide or non-nu- 
cieotide spacers or "linker groups" 116 to prevent sur- 
face interference with efficient hybridization and replica- 
io tion. Alternatively, the 3' -half probe 98 can be attached 
to the support 1 2 through its 3' end. The probes illustrat- 
ed in Figs. 4A-4F are based on a particular QBR ampli- 
fiable construct called midivariant RNA. As mentioned 
above, a variety of other autocatalytically replicable nu- 
15 cleic acids can be used in the invention. 

Following lysis of the sample, if required, during 
which the analyte nucleic acid 20 is rendered accessible 
for hybridization, the 3'-half probe 98, is added to the 
sample under conditions that promote specific hybridi- 
se zation with the analyte nucleic acid 20. Subsequently, 
or simultaneously the sample is applied to the support 
and is allowed to form probe/analyte nucleic acid hy- 
brids by nucleic acid hybridization. A variety of well 
known agents that promote or modify hybridization can 
25 be used in the invention. For example, the chaotropic 
agent guanidinium thiocyanate is a well known hybridi- 
zation agent, which promotes both sample lysis and hy- 
bridization. 

Depending upon the hybridization conditions used 
30 {e.g., salt type and concentration, temperature, probe 
concentration, the presence of accelerators, denatu- 
rants, and detergents; the length of "pre-hybridization" 
with the 3'-half probe 98, etc.; see above), a greater or 
lesser proportion of the analyte nucleic acids 20 may 
35 already have 3' -half probe 98 hybridized to it at the be- 
ginning of the hybridization on the solid support (Fig. 
4B). Following an appropriate period of hybridization, a 
complex 118 containing a 5'-half probe 100. a nucleic 
acid analyte 20, and a 3' -half probe 98 is formea (Fig. 
40 4C). 

if desired, a washing step can be carried out to re- 
move from the support 12 a substantial portion of un- 
bound reactants and components of the sample. A liga- 
tion step can then be performed, in which the two half 

45 molecules 98 and 1 00 are covalently joined together to 
produce an amplifiable nucleic acid 120 (Fig. 4D). An 
important element of this step is that the ligation ,s de- 
pendent upon the correct hybridization of the two half 
probes 98 and 100 to the correct analyte nucleic acid 

50 20. Methods involving the use of such half, or binary, 
probe systems are known in the art and are described, 
e.g., in European Patent Applications EP 94/906626.0 
and EP 94/906682.3. 

Following the ligation step, a high stringency wash 

55 can be carried out to remove remaining components of 
the sample and 3'-half molecules 98 that are not now 
covalently attached to the support 12. Remaining on the 
support are the originally bound S'-half probes 1 00 and, 
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at each location where a nucleic acid analyte has bound 
to a 5'-half probe 100, a replication competent, signal 
generating nucleic acid 120 (Fig. 4D), which, in this ex- 
ample, includes a replicable MDV sequence. 

Amplification of the amplifiable nucleic acid 1 20 can 
be carried out as follows. Components of a QBR ampli- 
fication reaction {i.e., QBR, nucleotide triphosphates, 
Mg++, appropriate salt, buffer, etc. (see , e.g., Moody et 
at., Biochemistry, 33:13836-13847, 1994)) are well 
known, and are applied to the support along with, or as 
components of, a diffusion limiting (e.g., convection lim- 
iting) matrix (e.g., agarose or another type of "gel" ma- 
trix, such as gelatin (e.g., KNOX®), polyethylene glycol, 
polyacrylamide gels, or mixtures thereof), which permits 
amplification of the ligated QBR detection probes 120 
in the vicinity of each locus where a replication compe- 
tent QBR molecule 120 has been formed. Importantly, 
each of the colonies of amplification product 124 form 
on the solid support in a locus corresponding to the pres- 
ence of one nucleic acid analyte 20. 

Amplification products of each captured analyte 
molecule are confined to the vicinity of the template an- 
alyte molecule by a diffusion limiting matrix so that these 
products can be visualized as a colony. 

Particularly useful as a diffusion limiting matrix is 
PEG 8000 (e.g., 10%). Furthermore, cationic polymers 
(e.g., n-Vinyl pyrrolidone/diethylamino-methyl methacr- 
ylate copolymer) are found to moderately inhibit QBR 
amplification reactions. Therefore, these polymers can 
be used to reduce the colony size, allowing the detection 
of a larger number of colonies on a given area of a solid 
surface. 

Amplification is allowed to proceed under appropri- 
ate conditions, such as temperature conditions, for a 
length of time appropriate to generate a discrete and dis- 
cernable amount of an amplification product 122 (Fig. 
4E). Such loci, or spots, 124 of amplified QBR probe 
RNA can be visualized by any of M number of methods 
known in the art, including, e.g., by detection of radio- 
activity, fluorescence, color, or a chemiluminescent sub- 
stance incorporated into the amplification product 122. 
For example, a fluorescent intercalating dye, such as 
propidium iodide, can be added to the amplification mix- 
ture so that, as amplification product 122 is produced, 
the dye intercalates into the product 1 22, leading to pro- 
duction of an intense fluorescence at the site of ampli- 
fication 124 (Fig. 4F). 

The optimal length of time for the amplification re- 
action depends on a number of factors, which are well 
known to those skilled in the art, and include, e.g., the 
inherent replication rate of the QBR probe, the concen- 
tration of reactants in the amplification reaction (e.g.., the 
QBR concentration, the dNTP concentration, and the 
Mg++ concentration), as well as the temperature at 
which the reaction is carried out (see , e.g., Burg era/., 
1 995, supra). The optimal reaction time also will depend 
upon the detection means used. Microscopic detection 
of fluorescence, for example, requires generation of on- 



ly a very small spot. Macroscopic (e.g., visual) detection 
of amplified RNA may require less instrumentation, but 
bigger spots. 

The number of colonies of amplification products, i. 
5 e., spots, can be counted to quantitate the number of 
nucleic acid analyte molecules in the sample that was 
applied to the support. This can readily be determined, 
based on the volume of sample applied to the slide and 
the overall efficiency of the process. For example, each 

10 of the steps of the assay e.g., hybridization of the ana- 
lyte to the first (5*-half) probe on the solid support, hy- 
bridization of the second (3' -half) probe, and ligation, 
has a characteristic efficiency of less than 100%. Thus, 
for example, if 50% of the analyte nucleic acids applied 

ts to the device hybridize with both the 5' and 3'-half 
probes, and 50% of these are ligated, then 25% of the 
analyte molecules will lead to production of an amplifi- 
able, ligated product. Thus, e.g., 1,000 analyte nucleic 
acid molecules applied to the device will produce about 

20 250 spots of amplified signal. 

Two alternative detection means are illustrated in 
Figs. 5A and 5B and involve the use of a fluor-quencher 
pair, or, e.g., a fluorescence energy transfer pair, as de- 
scribed, for example, by Morrison (Detection of Energy 

25 Transfer and Fluorescence Quenching, in Nonisotopic 
Probing, Blotting, and Sequencing, Academic Press, 
1995) and Tyagi ei al. (Nature BioTechnology, 14: 
303-308, 1996). A fluor-quencher pair consists of a flu- 
orescent dye (labeled "F", e.g., fluorescein) and a 

30 quencher dye (labeled "Q"), which blocks emission of 
fluorescence from the fluorescent dye when the two 
dyes are in close proximity. 

In application of this concept to nucleic acid detec- 
tion, the fluorescent dye and the corresponding quench- 
es er dye are held in proximity to one another by attach- 
ment to a short nucleic acid (e.g., DNA) probe that self- 
associates (e.g., the "beacon" 126 in Fig. 5A, or the Mor- 
rison pair of probes 128 in Fig. 5B). The sequences in 
the loop structure 130 of the beacon 126, or of one of 

40 the oligonucleotides 132 and 134 in the Morrison pair 
128, are designed so that they hybridize to a specific, 
predetermined target sequence in the amplified product 
122. In this embodiment, these probe sequences hy- 
bridize to the probe portion 136 of the amplified product 

45 1 22. When this occurs, the F and Q entities are forced 
enart by the rigid structure of the double-stranded hy- 
brid, thus allowing fluorescence of the F entity to be de- 
tected (Figs. 5A and 5B). 

Fig. 6 illustrates the use of fluor-quencher pairs, or 

50 fluorescence energy transfer pairs, in the detection of 
specific QBR amplification products in the methods of 
the invention. In this example, beacon pair probes 126 
(e.g., F = fluorescein, Q = 4-(4'-dimethylaminophenyla- 
za)benzoic acid (DABCYL)) are added to the amplifica- 

55 tion cocktail. As amplification of the initial ligated QBR 
probe product 1 20 proceeds, the beacon probes 1 26 hy- 
bridize to the amplification products 122, thus creating 
a detectable, fluorescent signal 124. An advantage of 
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this type of detection strategy is that amplification of spe- 
cific products can be detected. In other schemes, such 
as those employing an intercalatordye {e.g., propidium 
iodide), amplification can easily be detected, but the 
identity of the amplification product cannot. 

An additional advantage of employing the beacon 
or Morrison probes for detection of amplification is that 
multiple colors of F:Q pairs can be designed and em- 
ployed, so that amplification reactions can be examined 
for amplification of multiple types of pre-determined 
QBR probes. For example, in a further embodiment of 
the invention, means for the simultaneous quantitative 
detection of multiple analyte nucleic acids is provided. 
In this embodiment, the support contains a random dis- 
tribution or field of multiple types of half probes having 
probe sequences that correspond to each of the nucleic 
acid analytes to be assayed. The same principles de- 
scribed above for diffusion of the analyte to the surface, 
ligation, and subsequent amplification apply, but in this 
embodiment, in each locus or spot where an analyte 
causes the formation of a replicable product, the ampli- 
fication products arising from that spot will have a probe 
sequence corresponding to the target sequence that nu- 
cleated the ligation event. Accordingly, different analyte 
nucleic acid molecules will cause the amplification of dif- 
ferent QBR probe molecules. Each specific probe mol- 
ecule will have a sequence that is specific for the analyte 
required for its formation. 

Multiple fluorescence energy transfer probes (bea- 
cons or Morrison probes), corresponding to multiple 
possible QBR probe sequences, and each carrying a 
distinguishable fluorescent moiety, are present during 
or added subsequent to the amplification reaction. 
These probes, upon hybridization to the amplified QBR 
RNA molecules in each spot, provide different colors, 
corresponding to each originating analyte molecule. 
Thus, multiple analyte nucleic acids can be detected 
and distinguished in a single homogeneous assay. This 
increases the power, flexibility, and cost effectiveness 
of such assays. 

Variations in binary probe design that are within the 
scope of invention are illustrated in Figs. 7A-7G. Figs. 
7A, 7B, and 7C illustrate alternative possible "align- 
ments" of half probes 98 and ', 00 with a suspected point 
mutation (black arrowhead) in an analyte nucleic acid 
20 that, in this example, contains a fusion between por- 
tions of BCR and ABL genes. Fig. 7D illustrates a ternary 
version of the QBR assay (using a third probe 138), 
which can be applied in this invention as well. The ad- 
vantages of using ternary probe strategies include 
achieving higher specificity of hybridization than in bi- 
nary probe strategies. 

Fig. 7E shows the basic elements of an alternative 
assay format, in which a separate "capture" probe 140 
(in this illustration attached to a bead or particle 142, 
such as a magnetic particle). This format is useful and 
convenient for enrichment of the analyte molecules 20 
and removal of sample components, prior to ligation and 
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amplification steps. Alternatively, magnetic particles can 
be used as the solid phase as shown in Fig. 7F and, 
toUowtng ligation and washing, dispensed into the diffu- 
sion limiting matrix for amplification. Other alternative 

5 assay formats are illustrated in Figs. 7F and 7G, and are 
described above. 

The methods described above employ the use of 
hybridization and washing conditions, such as "strin- 
gent" hybridization and washing conditions. Hybridiza- 

10 tion reactions are typicaffy carried out under "stringent 
conditions," e.g., low to moderate stringency conditions, 
in which specific and some non-specific interactions can 
occur. After hybridization, washing can be carried under 
higher stringency conditions to eliminate non-specific 

15 binding. As is known in this field, optimal washing con- 
ditions can be determined empirically, e.g., by gradually 
increasing the stringency. Condition parameters that 
can be changed to affect stringency include, e.g., tem- 
perature and salt concentration. In general, the lower 

20 the salt concentration, pH, and chaotropic agent {e.g., 
guanidine thiocyanate) concentration, and the higher 
the temperature, the higher the stringency. For example, 
washing can be initiated at a low temperature {e.g., 
room temperature), using a solution containing an 

25 equivalent or lower salt concentration than the hybridi- 
zation solution. Subsequent washing can be carried out 
using progressively warmer solutions having the same 
salt solution. Alternatively, the salt concentration can be 
lowered and the temperature maintained in the washing 

30 step, or the salt concentration can be lowered and the 
temperature increased. Such standard variations are 
known in the art. Additional parameters can be altered 
to affect stringency including, e.g., the use of a destabi- 
lizing agent, such as formamide. 

35 h nucleic acid hybridization reactions, the condi- 
tions used to achieve a particular level of stringency will 
vary, depending on the nature of the nucleic acids being 
hybridized. For example, the length, degree of comple- 
mentarity, nucleotide sequence composition {e.g., GC 

40 v. AT content), and nucleic acid type {e.g., RNA v. DNA) 
of the hybridizing regions of the nucleic acids can be 
considered in selecting hybridization conditions. An ad- 
ditional consideration is whether one of the nucleic acids 
is immobilized, for example, on a solid support, such as 

45 a glass plate or a filter. 

An example of hybridization conditions that can be 
used in the methods of the invention involves hybridiza- 
tion at room temperature in 3 x SSC (for recipe, see Mo- 
lecular Cloning, a Laboratory Manual, 2nd Edition, ed- 

50 ited by Sambrook et af., Cold Spring Harbor Press, Cold 
Spring Harbor New York, 1 989), and subsequent wash- 
ing in 3 x SSC. Thus, in this example, the stringency is 
not varied from the hybridization to the wash. In another 
example, hybridization is carried out at room tempera- 

5S ture in 3 x SSC, and subsequent washes are carried out 
in 3 x SSC at the following temperatures: 25°C, 42°C, 
52°C, 58°C, and 70°C. 

Another example of progressively higher stringency 
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conditions is as follows: 2 x SSC/0.1% SDS at about 
room temperature (hybridization conditions); 0.2 x SSC/ 
0.1% SDS at about room temperature (low stringency 
conditions); 0.2 x SSC/0.1% SDS at about 42°C (mod- 
erate stringency conditions): and 0.1 x SSC at about 5 
68° C (high stringency conditions). Washing can be car- 
ried out using only one of these conditions, e.g., high 
stringency conditions, or each of the conditions can be 
used, e.g., for 10-15 minutes each, in the order listed 
above, repeating any or all of the steps listed. However, io 
as mentioned above, optimal conditions will vary, de- 
pending on the particular hybridization reaction in- 
volved, and can be determined empirically. 

The analyte-specific nucleic acid probes used in the 
invention contain autocatalytically replicable sequences is 
serving as templates for generating amplification prod- 
ucts, and can consist of RNA, DNA, or modifications or 
combinations thereof. The amplified products generat- 
ed by QBR replication of such templates are RNA. 

The nucleic acid probes can be generated by stand- 20 
ard chemical synthesis methods or recombinant tech- 
niques. The probes used to bind to solid supports can 
have a chemical group (at, e.g., their 5' ends) that allows 
covalent coupling to the supports. Such a chemical 
group can be introduced, for instance, by derivatizing 25 
the 5' phosphate of a probe with a water-soluble carbo- 
diimide to generate a 5' phosphorimidazolide (Chu et 
a!., Nucleic Acids Research 11:6513-6529, 1983). Ex- 
posure of the phosphorimidazolide to an amine-contain- 
ing molecule on a solid support results in the chemical 30 
coupling of the probe to the support. 

By way of example, an RNA probe can be obtained 
by transcribing a template with a phage (e.g., T7) RNA 
polymerase. Guanosine 5'-monophosphate (i.e., guan- 
ylate or "GMP") that is already chemically modified (by, 35 
e.g. , ethylene diamine) for subsequent coupling to a sol- 
id surface can be added to the transcription reaction, if 
present in excess over guanosine 5 , -triphosphate (e.g., 
20X), the modified GMP will be incorporated at the 5' 
end of the probe. No post transcription chemical modi- 40 
fication of the probe is needed in this method. 

The use of GMP in the above method affords an- 
other advantage. RNA molecules produced by T7 RNA 
polymerase from the same template often have heter- 
ogenous 3' termini, i.e., having a few extra, non-templat- 45 
ed nucleotides at the 3* end. This 3' heterogeneity inter- 
feres with the subsequent ligation siep required in a 
number of embodiments of the invention. The extra nu- 
cleotides are added to the transcripts largely by a termi- 
nal transferase activity of T7 RNA polymerase. Such ad- £0 
ditions can be reduced by providing competing sub- 
strates for that activity. Effective competitors include ex- 
traneous RNA (e.g., total RNA from yeast), oligodeoxy- 
nucleotides with 3' hydroxy! termini, nucleotide mono- 
phosphates (e.g., GMP), deoxyribonucieotide mono- 55 
phosphates, and nucleosides with 3' hydroxyls. Chem- 
ically modified GMP is shown to be effective also. 

Attachment of nucleic acid probes to solid supports 



used in the invention can be carried out using any of a 
number of standard methods, including direct adsorp- 
tion or chemical coupling to reactive groups on the sur- 
face. For example, a linker can be used, e.g., a flexible 
carbon chain, such as a 3-glyc;doxypropyltri-methoxysi- 
lane linker (see , e.g., Maskos et a!., Nuci. Acids Res., 
20(7): 1679-1 684, 1992), or a protein, such as a mole- 
cule of bovine serum albumin ("BSA"). Use of a linker 
(e.g., a hydrophilic linker) can also enhance the replica- 
tion efficiency of the probes. 

BSA is a particularly useful linker, since it can signif- 
icantly reduce non-specific binding of nucleic acids to the 
probes immobilized on a solid surface. BSA also allows 
efficient replication of the autocatalytic replicable RNA to 
which it links. The following describes an exemplary pro- 
tocol for [inking RNA probes to a solid support via BSA. 
Acid washed giass slides are first reacted with glycidyl 
oxypropyl trimethoxy silane, which generates amine-re- 
active epoxy groups on the glass. BSA is then coupled 
to these epoxy groups, and the carboxyl groups on the 
coupled albumin are activated by, e.g., N-hydroxy-suc- 
cinamide with a carbodiimide such as 1-cyclohexyl-3 
(2-morpholino-ethyl)carbodiimide (CMC) or 1-ethyl-3 
(3-dimethylamino propyl)carbodiimide (EDAC), to gen- 
erate amine-reactive N-hydroxysuccinamide-esters 
(NHS). RNA with a 5' terminal amino group is then re- 
acted with the NHS-derivatized albumin. 

Under the conventional conditions used for amine- 
NHS coupling (e.g., aqueous reaction buffer with a pH 
higher than about 7), NHS groups are unstable. Thus, 
to use the somewhat scarce carboxylic acid residues on 
BSA as extensively as possible, it is desirable to main- 
tain the activated state (i.e., NHS-derivatized state) of 
these residues until they react with the aliphatic amine 
on the 5' end of the RNA molecules to be coupled. To 
achieve this, non-aqueous conditions can be used. For 
instance, a solid support coated with NHS-activated 
BSA is dried and exposed to RNA probes solubilized in 
butanol by a cation ic detergent (e.g., hexadecyl trime- 
thyl ammonium bromide (CTAB)). 

Photolithography can also be used to attach the 
probes to the solid supports. In this method, the surface 
of the solid support is coated with a photosensitive linker 
and an appropriate light source, such as a laser beam, 
is directed at the region of the surface where the binding 
of the probe is desired. The probe is then contacted with 
the surface, where it binds to the light-activated region. 
This method readily permits the binding of different 
probes to a solid support. 

As is discussed above, many different amplification 
schemes can be used in the invention (see , e.g., Per- 
shing etal. (supra). For example, target amplification (e. 
g., PCR; Saiki et a!., supra), a transcription-based am- 
plification system (TAS; Kwoh etal., supra), the self-sus- 
tained sequence reaction (3SR; Guatelli etal., supra), 
transcription-mediated amplification (TMA; U.S. Patent 
No. 5,399,491; WO 93/22461), nucleic acid sequence- 
based amplification (NASBA; Compton, supra), strand 
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displacement amplification (SDA; Walker etal., supra), 
or probe amplification {e.g., QBR (Lizardi et a!., supra), 
ligase amplification reaction (LAR; Wu et ai, supra), 
ligase chain reaction (LCR: Barany, supra)) can be 
used. 

As is mentioned above, in embodiments in which 
autocatalytically replicable nucleic acids are used, many 
different types of such nucleic acids can be used in the 
invention. For example, midivariant RNAs {e.g., midivar- 
iant-1 (MDV-1)), minivariant RNA, microvariant RNA, 
and nanovariant RNA, can be used. The sequences of 
these and other autocatalytically replicable nucleic ac- 
ids are well known in the art, and readily adaptable for 
use ir the present invention (see , e.g., Mills et at, Proc. 
Natl. Acad. Sci USA, 72:4252-4256, 1975; Schaffner et 
ai, J. Mot. Biol, 117:877-907, 1977; Kacian etal., Proc. 
Natl. Acad. Sci USA, 69:3038-3042, 1972; Chu et ai, 
U.S. Patent No. 4,957,858; Miele et ai, J. Mol. Biol., 
171:281-295, 1983). In addition, the secondary struc- 
tures of autocatalytically replicable RNAs, such as MDV- 
1 and microvariant RNAs, both of which contain several 
stem structures, are well known in the art (see , e.g., Mills 
et ai, supra; Nishihara etal., J. Biochem., 93:669-674, 
1983). Based on this information, one skilled in the art 
can predict where compensatory base pair changes in 
the stem structures of these RNAs can be tolerated, thus 
identifying other related molecules that can be used as 
autocatalytically replicable nucleic acids. 

Detection of nucleic acid analytes using the devices 
and methods of the invention can be useful in fields such 
as medicine, forensics, agriculture, industry, food sci- 
ences, and veterinary medicine. For example, in the 
field of medicine, the methods of the invention can be 
used in the diagnosis of conditions {e.g., cancer) char- 
acterized by the presence or absence of specific nucleic 
acid markers and/or altered levels of normally occurring 
nucleic acids. The methods of the invention can also be 
used to detect gene mutations, which can be character- 
ized by, e.g., single base pair changes, small or large 
deletions, insertions, or rearrangements {e.g., chromo- 
somal translocations), and genetic polymorphism. In ad- 
dition, the methods of the invention can be used to de- 
tect the presence of an infectious pathogen {e.g., a bac- 
terium, a virus, a protozoan, a parasite, or a fungus) or 
a rare cell {e.g., a fetal cell in maternal blood) in a sam- 
ple, e.g., a sample from a patient. Finally, the devices, 
methods, and systems of the invention can be readily 
incorporated into a panel format for the detection and 
quantitation of multiple target analytes. 

Example 

The following example describes the use of meth- 
ods and devices of the invention in the diagnosis of a 
condition caused by a chromosomal translocation. 

Chromosomal translocations and inversions com- 
monly result in the juxtaposition of two genes (one from 
each of the chromosomes or chromosomal segments 



involved in the recombination) that normally are physi- 
cally and transcriptionally separate from one another. 
Such translocations can result in the production of novel 
fusion proteins that can have adverse physiological ef- 

s fects. For example, a number of fusion proteins gener- 
ated in this manner have been implicated in the etiology 
of cancer (see , e.g., Rabbits, Nature, 372:143-149, 
1994). The archetype for such a cancer-causing gene 
rearrangement is the chromosome 9 -chromosome 22 

10 translocation (t9;22) that results in formation of the so- 
called "Philadelphia" chromosome, the presence of 
which is strongly correlated with a number of leukemias, 
including chronic myelogenous leukemia (CML) and 
acute lymphocytic leukemia (ALL). At the molecular lev- 
's el, the translocation results in joining of the bcrgene on 
chromosome 22 to the abl gene on chromosome 9. 
Throu*. normal transcription, splicing, and translation 
mechanisms, a hybrid BCR/ABL protein is produced 
from the hybrid gene, which causes elevated expression 

so of the encoded tyrosine kinase enzymatic activity. 

in CML, a minimum residual disease (MRD) state 
can persist for many years, in which only relatively low 
levels of the altered BCR/ABL protein are produced and 
during which no, or relatively minor, disease pathology 

25 is evident. Then, on average 4-5 years following the in- 
itial diagnosis, the disease escalates to an acute phase, 
which requires major medical intervention. The onset of 
this acute phase is presaged by an increase in expres- 
sion of the fused BCR/ABL mRNA and protein. As un- 

30 derstood in this field, medical intervention is most effec- 
tive if it is initiated as soon as possible following the tran- 
sition to the acute phase of the disease. Accordingly, a 
diagnostic test that can be used to quantitatively monitor 
the level of BCR/ABL mRNA expression in CML patients 

35 during the MRD state can be used in the management 
of their disease. 

Because the level of BCR/ABL mRNA production 
can be quite low during the MRD state, and because it 
is desirable to detect the rise in expression level as early 

40 as possible, a highly sensitive assay is required for clin- 
ical utility. The present invention describes means of 
performing such monitoring using the QBR amplification 
system. For example, the present invention provides 
methods for monitoring the level of expression of gene 

45 fusions resulting from somatic rearrangement, e.g., 
leading to juxtaposition, of two genes that are normally 
physically and transcriptionally separate from one an- 
other. This clearly has application in the diagnosis of 
CML and ALL, as well as other diseases in which fusion 

50 proteins play a significant role, e.g., other hematopoietic 
cancers and solid tumors (Rabbits, 1994, supra). 

Fig. 8 illustrates specific sequences of analyte-bind- 
ing probe segments (SEQ ID NOs:1 and 2) that can be 
used in diagnostic methods for detecting mRNA tran- 

55 scribed from bcr/abl gene fusions (SEQ ID NO:3), ac- 
cording to the methods of the invention described 
above. 

These probes can be used in, e.g., the following 
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method. Cells in a peripheral blood sample from a pa- 
tient are lysed in, e.g., guanidine thiocyanate. A 3'-half 
probe (50 ng/100jil_; e.g., a probe having the sequence 
of SEQ ID NO:2; see Fig. 8) is added to the lysed sam- 
ple, and the mixture is then applied to the surface of a 
solid support of the invention, to which is bound a probe 
having the sequence of, e.g.. SEQ ID NO:1 (see Fig. 8) ; 
where hybridization is allowed to proceed for, e.g., about 
one hour, The surface of the solid support is then 
washed, e.g., by dipping the solid support (e.g., a glass 
plate) in buffer contained in a Copeland jar. Medium 
stringency conditions can be used for the wash, in which 
the support is incubated in fresh hybridization buffer, 
without probe, at 37°C for 5 minutes. Ligation buffer and 
ligase is then added to the support, and incubation is 
carried out at about *7°C for about five minutes. The 
support is then washed, e.g., in 0.01 N NaOH for one 
minute at 37°C, QBR and amplification reagents 
(dNTPs, Mg, Tris buffer pH 7.8), in a diffusion limiting 
matrix (e.g., polyacrylamide, polyethylene glycol, gela- 
tin : or agarose) are added, and amplification is carried 
out for about fifteen minutes. Spots generated in this re- 
action can be counted using any of a number of suitable 
means (e.g., a fluorescence microscope, a CCD cam- 
era, or visual inspection), if the amplification is carried 
out for a sufficient length of time, so that the spots are, 
e.g., greater than about 1 mm in diameter 

The invention can be used in any circumstances in 
which detection of nucleic acids (DNAor RNA) encoding 
fusion-proteins is desired. 

Other Embodiments 

It is to be understood that, while the invention has 
been described in conjunction with the detailed descrip- 
tion thereof, the foregoing description is intended to il- 
lustrate and not limit the scope of the invention. Other 
aspects, advantages, and modifications of the invention 
are within the scope of the claims set forth below. 



Claims 

1 . An assay device for detecting the presence of a nu- 
cleic acid analyte in a sample, said device compris- 
ing a non-particulate, solid support ^/ing covaient- 
ly bound thereto a two-dimensional field of analyte- 
specific nucleic acid probes, each probe comprising 
a first end covalently bound to said support and in- 
cluding a 5' portion of an autocatalytically replicable 
nucleic acid, and a second end including an ana- 
lyte-binding segment. 

2. The device of claim 1 , wherein said autocatalytically 
replicable nucleic acid is replicable by Q-beta rep- 
licase. 

3. The device of claim 2, wherein said autocatalytically 



replicable nucleic acid comprises a midivariant nu- 
cleic acid. 

4. A method for detecting the presence of a nucleic 
s acid analyte in a sample, said method comprising 
the steps of: 

(a) applying the sample to a solid support hav- 
ing covalently bound thereto a two-dimensional 

io field of first analyte-specific nucleic acid 

probes, each of said first probes comprising a 
first end bound to said support and including a 
5' portion of an autocatalytically replicable nu- 
cleic acid, and a second end including a first 
15 analyte-binding segment, wherein said first an- 

alyte-binding segment of each of said first 
probes hybridizes to a first region of the ana- 
lyte; 

(b) applying a second nucleic acid probe to the 
20 solid support, said second probe comprising a 

second analyte-binding segment that hybridiz- 
es to a second region of the analyte, said sec- 
ond probe further comprising a remainder of 
said autocatalytically replicable nucleic acid, 
25 wherein the first and second regions of the an- 

alyte are adjacent nucleotide segments, and 
wherein the analyte, said first probe, and said 
second probe hybridize together on the support 
to form a complex including a complete auto- 
30 catalytically replicable nucleic acid; 

(c) applying a diffusion limiting matrix to said 
solid support; 

(d) amplifying said complete autocatalytically 
replicable nucleic acid to generate an amplified 

35 product; and 

(e) detecting said amplified product as a meas- 
ure of the presence of the analyte in the sam- 
ple. 

40 5. The method of claim 4, further comprising the step 
of ligating said first and second probes in said com- 
plex together to form said complete autocatalytical- 
ly replicable nucleic acid. 

45 6. The method of claim 4, wherein said amplification 
step is carried out in the presence of a fluorescent 
intercalating dye and said detection step is carried 
out by monitoring said amplified product for the 
presence of said dye. 

50 

7. The method of claim 4, wherein said detection step 
is carried out by employing a fluor-quencher pair. 

8. The method of claim 4, wherein multiple analytes 
55 are simultaneously detected in the sample and said 

detecting step is carried out by employing multiple 
fluor-quencher pairs that comprise distinguishable 
fluorescent moieties. 
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9. The method of claim 4, wherein said autocatalyti- 
caily replicable nucleic acid comprises a nucleic ac- 
id replicable by Q-beta replicase. 

10. The method of claim 9, wherein said autocatalyti- s 
cally replicable nucleic acid comprises a midivariant 
nucleic acid. 

11. The method of claim 4, further comprising washing 
said complex to remove any unbound first or sec- 10 
ond probes. 

12. The method of claim 4, wherein said diffusion limit- 
ing matrix is selected from the group consisting of 
gelatin, agarose, polyacrylamide, polyethylene gly- 15 
col, and any combination thereof. 

13. The method of claim 4, further comprising determin- 
ing the concentration of the analyte in the sample, 
wherein the concentration of the analyte in the sam- 20 
pie is determined by counting colonies of amplified 
product formed on said solid support, and the 
number of colonies corresponds to the concentra- 
tion of the analyte in the sample. 

25 

14. An assay system for detecting a nucleic acid ana- 
lyte in a sample, said assay system comprising: 

(a) a non-particulate solid support having cov- 
alently bound thereto a two-dimensional field of 30 
first analyte-specific nucleic acid probes, each 

of said first probes comprising a first end cov- 
alently bound to said support and including a 5' 
portion of an autocatalyticaily replicable nucleic 
acid, and a second end including a first analyte- 35 
binding segment, wherein said first anaiyte- 
binding segment of each of said first probes hy- 
bridizes to a first region of the analyte; and 

(b) a second nucleic actd probe comprising a 
second analyte-binding segment that hybridiz- 40 
es to a second region of the analyte, said sec- 
ond probe further comprising a remainder of 
said autocatalyticaily replicable nucleic acid, 
and said first and second regions of the analyte 
comprising adjacent nucleotide segments; 4 $ 

wherein binding of said first and second 
probes to the analyte permits amplification of said 
autocatalyticaily replicable nucleic acid. 

so 

15. An assay system for detecting a nucleic acid ana- 
lyte in a sample, said assay system comprising: 

(a) a non-particulate solid support having 
bound thereto a two-dimensional field of cap- 
ture probes, each of said capture probes com- 
prising a capture segment that hybridizes to a 
capture region of the analyte; 



(b) a first nucleic acid probe comprising a first 
segment that hybridizes to a first region of the 
analyte; 

(c) a second nucleic acid probe comprising a 
second segment that hybridizes to a second re- 
gion of the analyte; and 

(d) a diffusion limiting matrix for application to 
said solid support; 

wherein binding of said capture probes and 
said first and second probes to the analyte permits 
amplification of a detectable product within the dif- 
fusion limiting matrix. 

1 6. The assay system of claim 1 5, wherein the first and 
second regions of the analyte are adjacent nucle- 
otide segments, said first nucleic acid probe further 
comprises a portion of an autocatalyticaily replica- 
ble nucleic acid molecule, and said second nucleic 
acid probe further comprises a remaining portion of 
said autocatalyticaily replicable nucleic acid mole- 
cule. 

17. The assay system of claim 15, wherein the capture 
and first regions of the analyte are adjacent nucle- 
otide segments and the capture and second regions 
of the analyte are adjacent nucleotide segments, 
said first nucleic acid probe further comprises a por- 
tion of an autocatalyticaily replicable nucleic acid 
molecule, and said second nucleic acid probe fur- 
ther comprises a remaining portion of said autocat- 
alyticaily replicable nucleic acid molecule. 

18. A method for detecting the presence of a nucleic 
acid analyte in a sample, said method comprising 
the steps of: 

(a) contacting the sample with said bound cap- 
ture probes and said first and second probes of 
the assay system of claim 1 5, wherein said first 
and second regions of the analyte are adjacent 
nucleotide segments, said first nucleic acid 
probe further comprises a portion of an auto- 
catalyticaily replicable nucleic acid molecule, 
said second nucleic acid probe further compris- 
es a remaining portion of said autocatalyticaily 
replicable nucleic acid molecule, and said con- 
tacting permits the analyte, said first probe, and 
said second probe to hybridize together on the 
support to form a complex including a complete 
autocatalyticaily replicable nucleic acid; 

(b) applying a diffusion limiting matrix to said 
solid support; 

(c) amplifying said complete autocatalyticaily 
replicable nucleic acid to generate an amplified 
product; and 

(d) detecting said amplified product as a meas- 
ure of the presence of the analyte in the sam- 
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pie. 

19. A method for detecting the presence of a nucleic 
acid analyte in a sample, said method comprising 
the steps of: £ 

(a) contacting the sample with said bound cap- 
ture probes and said first and second probes of 
the assay system of claim 15, wherein the cap- 
ture and first regions of the analyte are adjacent w 
nucleotide segments and the capture and sec- 
ond regions of the analyte are adjacent nucle- 
otide segments, said first nucleic acid probe 
further comprises a portion of an autocatalyti- 
cally replicable nucleic acid molecule, and said is 
second nucleic acid probe further comprises a 
remaining portion of said autocatalytically rep- 
licable nucleic acid molecule, and said contact- 
ing permits the analyte, said first probe, and 
said second probe to hybridize together on the 20 
support to form a complex including a complete 
autocatalytically replicable nucleic acid; 

(b) applying a diffusion limiting matrix to said 
solid support; 

(c) amplifying said complete autocatalytically 25 
replicable nucleic acid to generate an amplified 
product; and 

(d) detecting said amplified product as a meas- 
ure of the presence of the analyte in the sam- 
ple. 30 

20. A method for detecting the presence of a nucleic 
acid analyte in a sample, said method comprising 
the steps of: 

35 

(a) contacting the sample with a solid support 
having covalently bound thereto a two-dimen- 
sional field of first analyte-specific nucleic acid 
probes, each of said first probes comprising a 
first end bound to said support and a second 40 
end including a first analyte-binding segment; 

(b) applying a diffusion limiting matrix to said 
support; 

(c) performing amplification by one of polymer- 
ase chain reaction, ligase chain reaction, tran- 45 
scription-mediated ampli*' nation, nucleic acid 
sequence-based amplification, and strand dis- 
placement amplification in a manner depend- 
ent upon the presence of both the first probe 
and the specified analyte nucleic acid, and in so 
such a manner that the products of such ampli- 
fication reaction are restrained to form localized 
foci within the diffusion limiting matrix on the 
solid support; and 

(d) detecting said amplified product as a meas- ss 
ure of the presence of said analyte in the sam- 
ple. 



21. The device of claim 1 , wherein each of the analyte- 
specific nucleic acid probes is an RNA synthesized 
by an RNA polymerase in the presence of guanos- 
ine S'-monophosphate. 

22. The device of claim 21, wherein the RNA polymer- 
ase is T7 RNA polymerase. 

23. The method of claim 4, wherein each of the first an- 
alyte-specific nucleic acid probes is an RNA synthe- 
sized by an RNA polymerase in the presence of 
guanosine 5*-monophosphate. 

24. A method of synthesizing an RNA, the method com- 
prising contacting a template for the RNA with T7 
polymerase in the presence of 5' modified guanos- 
ine 5'-monophosphate. 

25. The assay device of claim 1, wherein each of the 
analyte-specific nucleic acid probes is covalently 
bound to the solid support with bovine serum albu- 
min. 

26. The method of claim 4, wherein each of the first an- 
alyte-specific nucleic acid probes is covalently 
bound to the solid support with bovine serum albu- 
min. 

27. The method of claim 4, wherein the diffusion limiting 
matrix comprises polyethylene glycol. 

28. The method of claim 27, wherein the diffusion lim- 
iting matrix further comprises a cationic polymer. 

29. The assay system of claim 1 5, wherein the diffusion 
limiting matrix comprises polyethylene glycol. 

30. The assay system of claim 29, wherein the diffusion 
limiting matrix further comprises a cationic polymer. 
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